We previously reported on the immediate safety and neonatal outcomes of six premature infants with severe bronchopulmonary dysplasia (BPD) who were administered human amnion epithelial cells (hAECs). One infant died in the neonatal period due to unrelated causes. In this study, we aimed to assess the long-term safety and follow-up outcomes of the five surviving infants until 2 years corrected age (CA). hAECs were administered intravenously at a dose of 1 × 10 6 cells per kilogram after 36 weeks postconceptional age in infants with established BPD. Study follow-up consisted of assessment of any adverse events, growth, and respiratory, cardiac, and neurodevelopmental outcomes over four time points (6, 12, 18, and 24 months CA). Investigations included chest x-rays, cranial and abdominal ultrasounds, and echocardiograms at regular intervals as well as a magnetic resonance imaging (MRI) brain at 2 years CA. All five infants were alive at 2 years CA. Median time to wean off oxygen was 24 (10-36) months.
| INTRODUCTION
Despite advances in neonatal intensive care, bronchopulmonary dysplasia (BPD) continues to be a common complication in premature infants, especially those born extremely premature (<28 weeks' gestation). 1, 2 BPD has significant impact on the health of the infant in the neonatal period and early childhood and leads to increased risk of long-term respiratory issues, such as reactive airway disease, impaired lung function, and exercise intolerance. 3, 4 Severe BPD is also associated with developmental delay and other neuromorbidities in children. 5 At a pathophysiological level, BPD is characterized by vascular maldevelopment, impaired alveolarization, and lung inflammation. 6 Stem cells have been reported to improve lung structure and function in preclinical animal models of BPD 7, 8 and have been suggested as promising therapy to prevent and treat BPD. 9, 10 Stem cell types used in preclinical models of BPD include mesenchymal stromal cells (MSCs), placental stem cells, and umbilical cord blood-derived mononuclear cells. [10] [11] [12] The amniotic membrane from the placenta is an abundant and reliable source of a particular type of stem cell, the human amnion epithelial cell (hAEC). Stem and stem-like cells from the amniotic membrane are both immune privileged and immunomodulatory. This means that the risk of host rejection upon transplantation is low while the cells still retain potential disease-modifying properties. 12 The therapeutic utility of hAECs has been explored for a variety of disease conditions including lung disease, liver disease, and stroke in small and large animal models. [13] [14] [15] In preclinical models of BPD, hAECs have been shown to prevent alveolar simplification and lung inflammation, two of the hallmarks of BPD, 7 and to prevent pulmonary hypertension, a key sequelae of BPD. 15 With a view to future clinical efficacy trials, we undertook a first-in-human phase I trial to assess the safety and tolerability of allogeneic hAECs in premature babies with established BPD. 16 We have previously reported the immediate and short-term outcomes until discharge from hospital. 16 The aim of this further report was to describe the longer term safety outcomes of the infants until age 2, as originally detailed in the clinical trial protocol (ACTRN12614000174684).
| MATERIALS AND METHODS

| Ethics and consent
The study was approved by the Monash Health Human Research Ethics Committee (13324B). All human tissues for hAEC collection were obtained with written, informed patient consent, and a separate written, informed parental consent was obtained prior to administration of hAECs to the eligible infants.
| hAEC collection, preparation, and release
The methods to collect, prepare, and release hAECs have been detailed previously. 16 In brief, placentae from healthy women with an uncomplicated pregnancy undergoing an elective cesarean section at term gestation were collected at the time of delivery. The amnion was peeled from the underlying chorion, rinsed in sterile saline, soaked in antibiotic-antimycotic solution, and then transferred to the cell isolation facility of Monash Health Translational Precinct's Cell Therapy and Regenerative Medicine Platform. There, hAECs were isolated and cryopreserved within a GMP-grade Biospherix Xvivo system, as previously described. 17 Cells were released for clinical use when the cell viability, as determined by trypan blue exclusion, was >80% at time of cryopreservation and when a cell isolate was proved free of microbial contamination after 14 days of culture. On the day of cell infusion, hAECs were retrieved from liquid nitrogen storage and washed in sterile saline prior to resuspension in saline at the desired concentration. For the first baby, hAECs were resuspended at a concentration of 2 × 10 6 cells per milliliter saline. For subsequent babies, hAECs were resuspended at 0.325 × 10 6 cells per milliliter saline to provide a post-filter infusion concentration of 0.25 × 10 6 cells per milliliter saline.
| Infant selection and cell administration
Ex-preterm infants (born ≤28 +0 weeks' gestation) with established BPD at 36 weeks postconceptional age were eligible if they were dependent on invasive (mechanical ventilation) or noninvasive (continuous positive airway pressure [CPAP]) respiratory support in 0.3-0.5 FiO 2 at the time of cell administration. Infants with an active bacterial or viral infection, necrotizing enterocolitis, patent ductus arteriosus, or known severe brain injury at the time of administration were excluded. hAECs were given to three babies who were intubated before administering cells to a further three babies on CPAP support. All babies received the cells via a peripheral intravenous infusion. As previously described in detail, 16 
Significance statement
The long-term safety results of this trial are an important addition to the literature to inform the scientific and clinical community about the impacts of this cell therapy.
| Outcomes and follow-up protocol
The primary outcome of this phase I trial was safety. The outcomes of the enrolled babies until discharge from hospital have been reported previously. 16 In this paper, we report on the outcomes of the enrolled babies following discharge from the neonatal unit until 2 years of corrected age (CA). This included regular physical examinations, chest
x-rays, echocardiograms, and cranial and abdominal ultrasounds at set time points (6, 12, 18 , and 24 months CA) as well as a magnetic resonance imaging (MRI) brain at 2 years CA, done according to a predefined trial protocol (ACTRN12614000174684). The schedule of the follow-up clinical reviews and investigations at these time points is detailed in Figure 1 . All infants also received routine medical and neurodevelopmental follow-up as per unit policy for follow-up of extremely premature and extremely low birth weight (ELBW) infants.
Bayley Scales of Infant Development-III was used for the neurodevelopmental assessment at 2 years CA, and given the severe nature of developmental delays in the infants, we have presented data as the developmental level they were determined to be at time of assessment in the three scales/domains: motor (gross and fine motor), language (expressive and receptive), and cognition.
| RESULTS
| Infant characteristics
Characteristics of the enrolled infants are summarized in Table 1 . Six extremely preterm and ELBW infants (five boys, one girl) with a median (range) gestation at birth of 26 (24-28) weeks and birth weight of 795 (450-990) grams were administered hAECs at 89 (59-187) postnatal days. One infant (baby 2) died a month after cell administration due to an unrelated cause. 16 All five surviving infants were discharged home on supplemental low-flow oxygen at a median of 174 (155-388) days of life.
| Follow-up outcomes
The follow-up outcomes of the infants are detailed in Table 2 . All infants were alive at 2 years of CA. Median time to wean off home oxygen was 24 (10-36) months. Four infants were rehospitalized briefly for viral (three infants) and bacterial (one infant) infections during the first 2 years. Infant 3 presented to hospital three times during this time with an upper respiratory tract infection. There were no intensive care readmissions.
There were no abnormalities on physical examination noted that were suggestive of tumor formation. Failure to thrive and poor growth was an issue in three infants. This required agastrostomy insertion in two children. Weight-related growth issues resolved by 2 years CA in all infants.
Serial (every 6 months until 2 years CA) chest x-rays in the infants showed variable changes (hyperinflated lung fields, interstitial thickening, perihilar infiltrates) related to BPD sequelae. Three of the five infants were diagnosed with reactive airway disease by 2 years CA. All of them were on reliever (inhaled beta 2 agonist) medications for their symptoms, and one of them was also on a preventer (inhaled steroids).
Two infants had pulmonary hypertension at the time of discharge and received oral sildenafil until resolution. In both children, this had resolved by 2 years of age. One infant had associated systemic hypertension (received one antihypertensive-captopril), which also resolved by 18 months of age. There were no renal or cardiac abnormalities noted. Echocardiograms revealed trivial or small patent ductus arteriosus in three infants. One infant also had mild aortic root and ascending aortic dilatation with a nonobstructive subaortic ridge. There were no other abnormalities noted in cardiac structure or function.
Abdominal ultrasounds were done at 12 and 24 months of CA. In infant 3, multiple para-aortic lymph nodes, reported as reactive, were seen at the 12 months CA scan. The scan was repeated after 6 months, confirming resolution of the lymph nodes. In infant 5, prominent portal tracts were seen at the 12 months CA scan. These were normal on a repeat scan 6 months later.
Cranial ultrasound was repeated once after discharge at 6 months of CA. Mildly prominent ventricles were seen in three of the five infants. MRI brain findings included normal (n = 1), mild white matter loss with prominent ventricles (n = 2), incidental susceptibility abnormality in the cerebellum (n = 1), and punctate hyperintensity in centrum semiovale (n = 1). Neurodisabilities in the infants included hemiplegic cerebral palsy (n = 1) and global developmental delay (n = 3). The developmental delay was severe in all three infants, precluding exact scores for testing scales to be assigned; instead, developmental levels at time of assessment were assigned for each scale (cognitive, language, and motor), as detailed in Table 2 . Behavioral issues (one with autism spectrum disorder and another one under investigation) were present in two infants. Hearing loss was diagnosed in all five infants, with three requiring hearing aids. One infant was diagnosed with a vision abnormality (myopia). All infants were ambulant and independently feeding at 2 years CA.
| DISCUSSION
This is the report of the 2-year outcomes of infants enrolled in the first-in-human trial of hAECs for BPD. All five surviving infants were alive at 2 years CA and there were no hAEC-related complications.
The infants had a spectrum of morbidities, all of which could be attributed to extreme prematurity and severe BPD. These observations provided further reassurance to assessment of potential efficacy of hAECs as a treatment for BPD and other neonatal conditions.
There were a number of complications seen in the study infants, which included growth problems, readmissions to the hospital for infections, and neurodevelopmental and neurosensory morbidities in the 2 years of follow-up. These complications are unfortunately very common in ELBW infants with severe or significant BPD. 18, 19 The study participants were infants with severe BPD who spent long periods of their initial life in hospital because of respiratory morbidity.
Prolonged hospitalization is known to be a marker for poor outcome in the preterm population. 20, 21 As the primary outcomes of this trial were safety related and there was no control group, it is not possible for us to conclude on any long-term impact of hAEC treatment on these clinical morbidities. Such insights will only be afforded by future randomized controlled trials. Nonetheless, we did not observe any outcomes that we could attribute to hAECs, and it is unlikely that the low dose of hAEC administration had any consequence on their longterm health. It was also not surprising that the complications occurred in these five infants. All of the infants had established BPD at the time of cell administration. It was not expected that hAEC administration would have any disease-modifying effects in this first-phase trial.
Apart from this study, there are two other published cell therapy trials for BPD. 22, 23 One was an open-label, single-center trial of proprietary human umbilical cord blood-derived MSCs, Pneumostem. 22 In the trial, nine premature infants were administered MSCs between 1 and 2 weeks of life at doses of 1 × 10 7 cells per kilogram or 2 × 10 7 cells per kilogram through the intratracheal route. 22 No serious acute adverse effects associated with MSC delivery were reported, and infants were followed up for 2 years with no adverse outcomes in growth, respiratory, or neurodevelopmental function compared with a historical control group. 24 More recently, Powell et al published their experience of intratracheal administration of a single dose (also at 1 × 10 7 or 2 × 10 7 cells per kilogram of human umbilical cord bloodderived MSCs (Pneumostem) in 12 ELBW infants at 5-14 days of life. 23 Again, the cell administration was well tolerated. Long-term follow-up for the study infants is ongoing. A phase II randomized, double-blind, multicenter trial of 70 babies to further assess safety and efficacy of intratracheal MSCs (Pneumostem) has recently been completed but not yet reported (NCT01828957). In older children and adults, a meta-analysis of MSC treatment to more than 1,000 participants for a variety of clinical indications also found no evidence of adverse events, including surveillance for malignancy up to 5 years following cell delivery. 25 These trials are providing cumulative reassurance to parents and clinicians that cell therapy for BPD appears safe, at least to 2 years of age.
It is likely that much higher doses of cells will be required for efficacy trials. 26 With that in mind, we have commenced a multicenter dose escalation study of hAECs given to extremely premature infants at high risk of developing BPD in the second to third week of life. This study is also primarily a safety trial, designed to assess whether the total cell doses that will likely be necessary for any therapeutic effect, 20-30 million cells per kilogram, are tolerated by extremely preterm neonates within the first weeks of life. 26 The doses projected in the dose escalation study are up to 30 times the dose given in the current study. This is based on preclinical studies on lung disease models using hAECs and is also in line with clinical trials using umbilical cord blood stem cells for brain injury, 27 cerebral palsy, 28 and autism. 29 The results of that dose escalation trial will be critical for designing the next phase of our translational work in hAECs for the prevention and treatment of BPD.
| CONCLUSION
The long-term follow-up outcomes of our first-in-human study of hAECs for BPD are reassuring and indicate that low-dose allogeneic hAECs are safe to administer to vulnerable premature infants. Ongoing studies will help elucidate the optimum dosage and timing of cell administration to high-risk preterm infants before we embark on conclusive efficacy trials of hAECs for prevention of BPD.
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